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Summary

mtDNAs from 37 Italian subjects affected by Leber heredi-
tary optic neuropathy (LHON) (28 were 11778 positive,
7 were 3460 positive, and 2 were 14484 positive) and
from 99 Italian controls were screened for most of the
mutations that currently are associated with LHON. High-
resolution restriction-endonuclease analysis also was per-
formed on all subjects, in order to define the phylogenetic
relationships between the mtDNA haplotypes and the
LHON mutations observed in patients and in controls.
This analysis shows that the putative secondary/intermedi-
ate LHON mutations 4216, 4917, 13708, 15257, and
15812 are ancient polymorphisms, are associated in spe-
cific combinations, and define two common Caucasoid-
specific haplotype groupings (haplogroups J and T). On
the contrary, the same analysis shows that the primary
mutations 11778, 3460, and 14484 are recent and are
due to multiple mutational events. However, phylogenetic
analysis also reveals a different evolutionary pattern for
the three primary mutations. The 3460 mutations are dis-
tributed randomly along the phylogenetic trees, without
any preferential association with the nine haplogroups (H,
LJ,K T, U, V, W, and X) that characterize European
populations, whereas the 11778 and 14484 mutations
show a strong preferential association with haplogroup
J. This finding suggests that one ancient combination of
haplogroup J-specific mutations increases both the pene-
trance of the two primary mutations 11778 and 14484
and the risk of disease expression.
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Introduction

Leber hereditary optic neuropathy (LHON) is a mater-
nally transmitted disease in which the primary clinical
manifestation is acute or subacute bilateral loss of cen-
tral vision, leading to central scotoma and blindness.
Since 1988, when the first LHON mutation in human
mtDNA was discovered, a growing number of mtDNA
missense mutations have been associated with the dis-
ease, and a total of 17 LHON mtDNA mutations now
are reported in the literature (Wallace et al. 1995). On
the basis of numerous genetic, clinical, and biochemical
criteria, mutations at three nucleotide positions (nps),
11778 (Wallace et al. 1988), 3460 (Howell et al. 19914,
Huoponen et al. 1991), and 14484 (Johns et al. 1992,
1993a; Mackey and Howell 1992), are considered as
high-risk and primary LHON mutations (Newman
1993; Brown and Wallace 1994). Overall, these three
mutations encompass a large majority of LHON families
in all human populations (Ishikawa et al. 1995; Savon-
taus 1995). The pathological significance of the other
LHON mutations is much less clear, and it remains to
be determined whether they cause the disease, contribute
to the pathology, or are nonpathogenic mtDNA poly-
morphisms (Riordan-Eva and Harding 1995). The
13730 (Howell et al. 1993a) and 9438 and 9804 (Johns
and Neufeld 1993) mutations also may be primary mu-
tations, but they have been reported in only one or a
few LHON families, and their pathological significance
requires confirmation. The 4160 mutation initially was
associated with LHON in a LHON-like pedigree with
neurological abnormalities (Howell et al. 19915b), but,
more recently, it has been suggested that it may be re-
sponsible only for the neurological abnormalities (How-
ell 1994). The mutations 3394 (Brown et al. 1992g;
Johns et al. 1992), 4136 (Howell et al. 19915), 4216
(Johns and Berman 1991; Brown et al. 19924), 4917
(Johns and Berman 1991), 5244 (Brown et al. 1992a),
7444 (Brown et al. 1992b), 9901 (Lamminen et al.
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1995), 13708 (Johns and Berman 1991; Brown et al.
1992a), and 15257 and 15812 (Johns and Neufeld
1991; Brown et al. 19924) generally are considered to
be less severe LHON mutations (secondary/intermediate
mutations). They are homoplasmic and are associated
with each other and with primary mutations. They also
are observed in control populations, although at a lower
frequency than in LHON populations, and appear to be
more common in Europeans or in subjects of European
ancestry than in other populations (Ishikawa et al.
1995).

To obtain some additional information concerning
the role played by the mtDNA mutations currently asso-
ciated with LHON, we performed a molecular study
based on three interrelated steps. First, we performed a
screening for 15 mutations associated with LHON in
ethnically matched patient and control populations (37
Italian patients and 99 Italian controls). Second, we per-
formed high-resolution haplotype analyses of mtDNA
from all patients and controls. Third, we established the
phylogenetic relationships of the mutations associated
with LHON. The resulting data suggest that one com-
mon European-specific mtDNA haplogroup plays a role
in the expression of two of the three most common
primary LHON mutations and that this most likely is
due to one ancient combination of mutations, which
characterizes this mtDNA background.

Subjects and Methods

Subjects

Of the 37 LHON subjects analyzed (L1-L37), 16
were collected in Milan, 12 in Rome, and 9 in Bologna,
and all were diagnosed as LHON cases on the basis of
a clinical examination and molecular screening for the
three primary mutations 11778, 3460, and 14484 (28
were 11778 positive, 7 were 3460 positive, and 2 were
14484 positive). They include all subjects available at
the time of the beginning of the study, and there was
no preferential selection for any of the three classes of
patients. Thus, the observed frequencies should reflect
the relative proportion of the 11778, 3460, and 14484
mutations among Italian LHON cases. Nineteen of the
37 LHON cases (L2,L3,L5,L6,1L8,19,L13,1L17,L18,
L20, L21, 124, 127-129, L31, L32, L35, and L37)
were classified as having a positive family history. This
group includes subjects with maternal relatives who had
been diagnosed previously as LHON cases and subjects
from previously undiagnosed pedigrees that, after clini-
cal examination of additional family members, showed
at least another affected relative. The families that, ac-
cording to anamnestic reports from the proband or from
other relatives, harbored other maternally related mem-
bers with visual problems compatible with a LHON
diagnosis, even though these subjects were not available
for examination, also were included in this group. The
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remaining 18 cases were classified as singletons. Al-
though careful evaluation of familial anamnestic data
failed to detect affected relatives in the pedigrees, we
cannot rule out definitively that they included some un-
recognized familial cases, because genealogical records
were not available (Mackey 1994). Interviews with the
probands indicated that all subjects were of Italian an-
cestry (11 from northern Italy, 12 from central Italy, 6
from southern Italy, 5 from Sicily, and 3 from Sardinia)
and apparently were unrelated. DNA and blood samples
from these LHON cases had been accumulated, during
the course of several years, without any form of selec-
tion. The 99 unrelated Italian controls used in this study
included a sample of 51 continental Italians and 48 Sar-
dinians. Total DNA was extracted from buffy coats by
use of standard methods.

Haplotype Analysis and LHON Mutation Screening

The entire mtDNA of each sample was amplified in
nine overlapping fragments by use of PCR and primer
pairs 1-9 listed in table 1. Each of these nine PCR seg-
ments was digested with 14 restriction endonucleases
(Alul, Avall, BamH]I, Ddel, Haell, Haelll, Hhal, Hincll,
Hinfl, Hpal, Mspl, Mbol, Rsal, and Tagql). This restric-
tion analysis screens ~20% of mtDNA nucleotides and
defines the mtDNA haplotype (Torroni et al. 19934,
1993b, 19944, 1994b, 1994c, 1994d). Among the 15
LHON mutations studied, four mutations—ND1-
3394C, ND2-5244A, COIII-9438A, and Cyt b-
15812A—change a Haelll, Mspl, Haelll, and Rsal re-
striction site, respectively, and were tested for during
the mtDNA haplotype analysis. For the remaining 11
mutations, the screening was performed either by gener-
ation of additional PCR fragments or by use of the PCR
fragments already synthesized for the haplotype analy-
sis. The ND1-3460A, ND4-11778A, and ND6-14484C
mutations were detected by the screening of the PCR
fragments generated with primer pairs 10, 11, and 12
and the enzymes BsaHI, Maelll, and BstOl, respectively.
For the 14484-mutation screening, a reverse mis-
matched primer was created (table 1). The ND1-4136G,
ND1-4216C, and ND2-4917G mutations were detected
by the screening of the PCR fragment generated with
primer pair 3 and the enzymes Nlalll, Nlalll, and Bfal,
respectively. Primer pair 5 and the enzyme Xbal were
used for the COI-7444A mutation. Primer pair 6 and
the enzyme Maelll were used for the COIII-9804A mu-
tation. The putative LHON mutation ND4L-10663C
(Brown et al. 1995) was analyzed with primer pair 7
and the enzyme Spel. The ND5-13708A mutation was
tested with primer pair 8 and the enzyme BstOl. Finally,
primer pair 9 and the enzyme Accl were used for the
Cyt b-15257A mutation. Additional polymorphic sites
detected during the screening for the LHON-associated
mutations were included in the haplotypes (see Appen-
dix). Restriction fragments were resolved by electropho-
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Table 1

PCR Primers Used for Amplification of the Entire mtDNA of Italian
LHON Patients and Controls and of the mtDNA Regions
Encompassing Specific Mutations Associated with LHON

Annealing Segment
Primer Temperature® Size
Pair Coordinates (°C) (bp)
1 16453-16472, 1696-1677 60 1,813
2 1615-1643, 4102-4084 53 2,488
3 3816-3835, 5193-5174 50 1,378
4 5151-5170, 6263-6247 50 1,113
5 6149-6168, 8478-8455 53 2,330
6 8416-8436, 10107-10088 55 1,692
7 9911-9932, 12338-12309" 55 2,428
8 12190-12209, 14385-14366 55 2,196
9 14260-14279, 16543-16526 51 2,284
10 3108-3127, 3717-3701 51 609
11 11141-11158, 11868-11851 51 728
12 14191-14210, 14509-14485¢ 60 319

NOTE.—Primers are numbered according to the study by Anderson
et al. (1981); the 5'—3’ coordinates before the comma correspond to
the forward primers and those after the comma correspond to the
reverse primers. Oligonucleotide pairs 1-9 were used for the haplo-
type analysis and for the secreening of all mutations associated with
LHON, except for the 3460, 11778, and 14484 mutations. These
three mutations were screened by use of oligonucleotide pairs 10, 11,
and 12, respectively.

* The temperature used was the lowest for the primer pair.

® The reverse primer of this pair of oligonucleotides was altered in
order to screen for an A—G transition at np 12308 in the tRNA™"
gene. Screening for the 12308 mutation involved creation of a reverse
primer with the 3’ end adjacent to np 12308 and with a mismatched
guanine at np 12312. In the presence of this mismatch, the 12308G
mutation determines the creation of a Hinfl site.

¢ The reverse primer of this pair of oligonucleotides was altered in
order to screen for a T=C transition at np 14484 in the NDé6 gene.
Screening for the 14484 mutation involved creation of a reverse primer
with the 3’ end adjacent to np 14484 and with two mismatched
cytosines at nps 14487 and 14488. In the presence of this mismatch,
the 14484C mutation determines the creation of a BstOl site.

resis in NuSieve plus SeaKem agarose gels (FMC BioPro-
ducts) and were visualized by UV-induced fluorescence.

Phylogenetic Analysis and Sequence-Divergence
Estimations

The phylogenetic relationships between haplotypes
were inferred by use of parsimony analysis. The dendro-
grams were rooted by use of a Senegalese mtDNA haplo-
type (called the “African outgroup”; Torroni et al.
19934). Maximum-parsimony (MP) trees were gener-
ated by random addition of sequences, by use of the
Tree Bisection and Reconnection (TBR) algorithm (Phy-
logenetic Analysis Using Parsimony [PAUP], version
3.1.1; Swofford 1993). Because of the large number of
terminal taxa, thousands of MP trees could be obtained.
We terminated our searches at 3,000 trees after 444
replications and saved <10 MP trees for each replica-
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tion. Although shorter trees could exist, none were ob-
served in our analyses. A strict-consensus tree of the
3,000 MP trees generated by the TBR algorithm was
constructed. We performed parsimony analyses by both
including and excluding secondary/intermediate LHON
mutations. However, since their inclusion did not affect
the location and relationship of the haplotypes, only
the phylogenetic trees derived by the inclusion of these
mutations are shown. Primary mutations were not used
for tree construction and were simply superimposed on
final dendrograms.

Intrahaplogroup sequence-divergence estimates were
calculated by use of the maximum-likelihood procedure
of Nei and Tajima (1983). When the divergence times
of the haplogroups were calculated, a 2.2%-2.9 %/mil-
lion-years rate of mtDNA evolution was used (Torroni
et al. 1994d).

Results

Screening for Mutations Associated with LHON in
Italian Patients and Controls

The restriction-analysis screening of LHON subjects
has shown that the three primary mutations 11778,
3460, and 14484 were not in association with each other
and were absent among the controls. Among probands,
heteroplasmy was observed in 8 (28.6%; cases L2, L8,
L11, L12, L17, L21, L23, and L30) of the 28 11778
cases, in 3 (42.9%; cases L4, L14, and L16) of the 7
3460 cases, and in 1 (50%; case L34) of the 2 14484
cases. These figures are higher than those observed in
other LHON populations, particularly for the 3460 mu-
tation, and became even higher (32.1% and 85.7% of
the 11778 and 3460 cases, respectively) when hetero-
plasmy was assayed in family members. This is because
some members of the family of proband L13 (homoplas-
mic for the 11778 mutation) were heteroplasmic, and
heteroplasmy of the 3460 mutation was observed
among members of the families of the homoplasmic sin-
gleton probands L3, L15, and L36. However, similar
frequencies have been reported by Oostra et al. (1994),
who observed heteroplasmy in five (62.5%) of eight
3460-positive pedigrees.

The screening for secondary/intermediate LHON mu-
tations showed different frequency patterns among the
three classes of patients (11778 positive, 3460 positive,
and 14484 positive) and controls (table 2). The 4917
mutation had high and virtually identical frequencies in
patients (8.1%) and in controls (9.1%). The 4216 and
13708 mutations showed an extremely high frequency
in patients who were 11778 positive (50.0% and 39.3%,
respectively) and in patients who were 14484 positive
(100.0% for both mutations), but they also were very
common among controls (16.2% and 8.1%, respec-
tively). Similarly, the 15257 and 15812 mutations
showed high frequencies in the 11778-positive patients
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Table 2
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Frequency of Secondary/Intermediate LHON Mutations in Italian Patients and Controls

No. (%) oF LHON PATIENTS,

BY PRIMARY MUTATION

No. (%) oF CONTROLS

11778 3460 14484 Total Italians Sardinians Total
MUTATION? CLASSIFICATION® [N = 28] [N=7] [N =2] [N = 37] [N = 51] [N = 48] [N = 99]
4136 Secondary 2(7.1) 0 0 2 (5.4) 0 0 0
4216 Secondary 14 (50.0) 0 2 (100.0) 16 (43.2) 9 (17.6) 7 (14.6) 16 (16.2)
4917 Secondary 3(10.7) 0 0 3(8.1) 5(9.8) 4 (8.3) 9 (9.1)
13708 Secondary 11 (39.3) 1(14.3) 2 (100.0) 14 (37.8) 4 (7.8) 4 (8.3) 8 (8.1)
15257 Intermediate 4 (14.3) 0 0 4 (10.8) 3(5.9) 2 (4.2) 5(5.1)
15812 Secondary 3(10.7) 0 0 3(8.1) 1(2.0) 2 (4.2) 3 (3.0)

2 The 3394, 5244, 7444, 9438, 9804, and 10663 mutations were not observed in either patients or controls.

b According to the study by Brown et al. (1995).

(14.3% and 10.7%, respectively) but also were com-
monly observed in controls (5.1% and 3.0%, respec-
tively). The 4136 secondary mutation was observed only
in two 11778-positive patients (7.1%). All these second-
ary/intermediate LHON mutations were homoplasmic.
Among the 15 previously identified LHON mutations
assayed in this screening, 6 mutations were not observed
in either patients or controls; these are the 3394, 5244,
7444, 9438, 9804, and 10663 mutations.

Table 3 shows the combinations of secondary/inter-
mediate LHON mutations observed in the three groups
of patients and in the controls and confirms that LHON
mutations are not distributed randomly among haplo-
types (Brown et al. 1992a). The 15812 mutation always
was associated with the 15257 mutation, which, in turn,
always was associated with the 13708 mutation. More-
over, the 13708 mutation always was associated with
the 4216 mutation. On the contrary, the 4216 mutation
also was observed in a second, alternative association,

Table 3

which is defined by the presence of the 4917 mutation.
The combinations 4216 + 13708, 4216 + 13708
+ 15257, and 4216 + 13708 + 15257 + 15182 (see
shaded box in table 3) are more frequent among the
11778- and the 14484-positive patients than among the
controls, thus explaining the increased frequency of each
of these mutations among LHON subjects. Three excep-
tions to this association phenomenon were observed.
The 13708 and 15257 mutations were associated inde-
pendently with the 4216 + 4917 combination, each in
one control subject, whereas the 13708 mutation also
was observed in one 3460-positive subject lacking other
secondary mutations.

Haplotype and Phylogenetic Analysis of mtDNA from
LHON Patients and Controls

High-resolution restriction analysis revealed 30 hap-
lotypes among the 37 LHON patients (L1-L37) and 64
haplotypes (1-64) among the 99 Italian controls. Two

Combinations of Secondary/Intermediate LHON Mutations in Italian Patients and Controls

No. (%) oF LHON PATIENTS,
BY PRIMARY MUTATION No. (%) OF CONTROLS
COMBINATION STATUS®
11778 3460 14484 Total Italians Sardinians Total
15257 13708 4216 4917 4136 15812 [N = 28] [N =7] [N = 2] [N = 37] [N = 51] [N = 48] [N = 99]
14 (50.0) 6 (85.7) 0 20 (54.1) 42 (82.4) 41 (85.4) 83 (83.8)
+ 0 1 (14.3) 0 1 (2.7) 0 0 0
+ + - - 7 (25.0) 0 2 (100.0) 9 (24.3) 2 {319 14(2.1) 3 (3.0)
+ + + = — - 1(3.6) 0 0 1.7 1(2.0) 0 1(1.0)
4+ + + - . + 3110.7) 0 0 3 (8.1) 1(2.0) 2(4.2) 3 3.0
t - 1(3.6) 0 1 (2.7) 4 (7.8) 3 (6.3) 7 (7.1)
2:(7.X) 0 2(54) 0 0 0

0
0

+ ¥ i

0
0
0
0

0
0

0
0

1 (2.0)
0

NOTE.—The shaded area indicates combinations that are much more frequent in patients than in controls.
2 A plus sign (+) indicates presence of the secondary/intermediate mutation; a minus sign (-) indicates absence of the secondary/intermediate mutation.
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of the haplotypes observed in the patients were differen-
tiated further by the distinguishing presence of the pri-
mary LHON mutations 11778, 3460, and 14484, thus
bringing the total number of patient haplotypes to 32.
All together these haplotypes were defined by 107 poly-
morphic restriction sites (see Appendix), including
LHON mutations 11778, 3460, and 14484, and by the
9-bp COII/tRNA™* intergenic deletion (Torroni et al.
1995), the 9-bp triplication in the same region (Passa-
rino et al. 1993), and the 125 rRNA gene insertion of
five cytosines in the region between nps 956 and 965,
which was described only in one Alzheimer-plus-Parkin-
son—disease patient (Shoffner et al. 1993). Whereas both
variations in the intergenic region between COII and
tRNA"* were observed in the controls, the 125 rRNA
insertion was observed in one LHON subject (L5).

Parsimony analysis revealed that, similar to other Eu-
ropean populations (Torroni et al. 1994b, 1996b), a
large majority of Italian mtDNA can be aggregated into
nine major haplotype groups (haplogroups H, L, J, K,
T, U, V, W, and X ) (fig. 1). The overall validity and
robustness of the haplogroup aggregation is confirmed
by the strict-consensus tree, in which all haplogroups,
except haplogroups K and X, are retained (see inset in
fig. 1). Previous analyses also have indicated that haplo-
groups H, I, K, J, T, V, and W are Caucasoid specific,
whereas haplogroups U and X are shared between Cau-
casoid and non-Caucasoid populations (Torroni et al.
1994b, 1996b). Among the Italian haplotypes, one hap-
lotype (64) belonging to the African-specific haplogroup
L (Chen et al. 1995) and one haplotype (63) belonging to
the Asian-specific haplogroup M (Torroni et al. 1994¢;
Wallace 1995) (fig. 1) were observed. Only six (4.4%)
of the mtDNA samples observed in Italy lacked any
informative restriction-site change and did not cluster
in any of the known haplogroups (labeled “Others” in
fig. 1).

The Phylogenetic Distribution of Mutations Associated
with LHON

Secondary/intermediate mutations.—Parsimony
analysis shows that the 4216 + 4917 and the 4216
+ 13708 combinations are monophyletic and, together
with several other polymorphic sites, define all mtDNA
belonging to haplogroups T and J, respectively, which
are two of the European-specific haplogroups (fig. 1).
Such a phylogenetic separation of haplogroups T and ]
is supported by the strict-consensus tree (fig. 1) and by
previous studies (Brown et al. 19924, 1995; Torroni et
al. 1994b, 1996b), thus indicating that the 4216 mutation
has occurred twice in Europeans. However, other phylo-
genetic analyses of mtDNA sequences have suggested that
haplogroups T and ] could be two ancient subclusters of
the same major mtDNA lineage and that the 4216 muta-
tion would have occurred once (Howell et al. 1995; Rich-
ards et al. 1996). Two additional occurrences of the
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13708 mutation also were observed. One occurrence was
in the mtDNA from a control belonging to haplogroup
T, and one was in the mtDNA of a 3460-positive patient
(L19) belonging to haplogroup X (fig. 1).

Analysis of the associations of LHON mutations (ta-
ble 3) showed that all but one of the 15257 mutations
were found in association with the 4216 + 13708 com-
bination and that all 15812 mutations were associated
with the 4216 + 13708 + 15257 combination. Figure
1 confirms that the 4216 + 13708 + 15257 combination
defines a monophyletic cluster within haplogroup J and
that the 15812 mutation characterizes a subset of this
cluster. Thus, the mutational event that generated the
15812 mutation is more recent than that which gave
rise to the 15257 mutation, which, in turn, occurred
after the mutational events that originated the 4216
+ 13708 combination. Figure 1 also illustrates that the
15257 mutation not associated with the 4216 + 13708
combination was due to an independent mutational
event on a haplogroup T mtDNA.

The 4136 mutation was observed only in two LHON
subjects (L10 and L11) harboring the same haplogroup
T haplotype (fig. 1). Both of them were characterized
by the 11778 mutation, and, in subject L11, the 11778
mutation was heteroplasmic. The families were from
different towns in southern Italy, and interviews with
members of the two families were not able to establish
any maternal link between the families. However, since
the 4136 mutation is rare, its presence on the same hap-
lotype suggests that families L10 and L11 actually are
related and share the mutation by descent.

The 3460 primary mutation.—Parsimony analysis re-
vealed that the seven mtDNA samples harboring the
3460 mutation are scattered widely on phylogenetic
trees clustering within five different haplogroups (fig. 1).
Two of the 3460-positive cases (L3 and L4) are members
of haplogroup H, two (L14 and L36) belong to haplo-
group U, and one each belongs to haplogroups V (L16),
X (L19), and W (L1S5). This distribution immediately
reveals that at least five of the seven 3460 mutations are
due to independent mutational events. Because the two
LHON mtDNA samples belonging to haplogroup U
harbor different haplotypes, they also can be attributed
to two independent mutational events, thus bringing the
total number of recognizable mutational events to six.
The random distribution of the 3460 mutation among
different mtDNA backgrounds is confirmed by the lack
of any significant difference between the frequency of
each haplogroup in the general Italian population and
that of the 3460 mutation in the same haplogroups (ta-
ble 4). The recent origin of the 3460 mutations observed
in Italian patients is confirmed by the high proportion
(85.7%; see fig. 1) of 3460-positive heteroplasmic fami-
lies, since heteroplasmy usually is considered an indica-
tor of the recent occurrence of an mtDNA mutation.

The 11778 primary mutation.—Similar to the 3460
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Table 4
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Haplogroup Distribution of mtDNA from Italian LHON Patients and Controls

GROUP AND No. (%) OF mtDNA SAMPLES IN HAPLOGROUP
PRIMARY-MUTATION
SUBGROUP N*® n® H I ] K T u A% W X Others
LHON patients:
11778 28 24 7 (25.0) 11 (39.3) 3 (10.7) 3 (10.7) 1(3.6) e 1(3.6) 2 (7.1)
3460 7 6 2 (28.6) 2 (28.6) 1(14.3) 1(14.3) 1(14.3)
14484 2 2 2 (100.0)
Total 37 32 9 (24.3) 13 (35.1) 3(8.1) 3(8.1) 3(8.1) 1.(2.7) 1(2.7) 2(5.4) 2(5.4)
Controls 99 64 33 (33.3) 4 (4.0) 7.1 8 (8.1) 9(9.1) 22222 5(5.1) 2 (2.0) 3 (3.0) 6 (6.1)

NOTE. —The shaded areas encompass the data for the haplogroups that are differentially distributed among patients and controls.

* Number of individuals in each group of subjects.

® Number of different mtDNA haplotypes observed in each group of subjects.

mutation, the 11778 mutation was observed in mtDNA
samples belonging to a wide range of haplogroups, in-
cluding haplogroups H, J, K, T, U, and X, and to the
group called “Others” (fig. 1 and table 4). Twenty-four
different haplotypes were observed among the 28
mtDNA samples harboring this mutation, thus sug-
gesting that the 11778 mutation has been generated by
an extensive number of independent mutational events
in our population sample. The multiple and recent origin
of this primary mutation is supported by the high inci-
dence (32.1%) of heteroplasmy in the 11778-positive
families. These findings are in agreement with the expec-
tations for a severe mutation. However, a detailed analy-
sis of the haplogroup distribution of the 11778 mutation
relative to the Italian control population identifies a fea-
ture that greatly distinguishes the 11778 and 3460 muta-
tions. The distribution of the 11778 mutation in differ-
ent mtDNA backgrounds is not random and shows a
preferential association with haplogroup J, one of the
European-specific haplogroups (table 4). Haplogroup ]
encompasses 39.3% of the 11778-positive mtDNA sam-
ples, whereas it represents only 7.1% of the Italian
mtDNA samples. Thus, in this haplogroup, the inci-
dence of the 11778 mutation is five to six times higher
than would be expected if the 11778 mutation had oc-
curred in all mtDNA backgrounds randomly, and this
difference is highly significant (P = .0001) by the two-
tailed Fisher’s exact test. A subdivision of haplogroup ]
LHON cases into familial and sporadic cases indicates
that the increased frequency of the 11778 mutation in
this haplogroup is caused by an equal increase of both
of these classes in haplogroup ] mtDNAs (7 familial
cases vs. 4 sporadic cases) relative to non—haplogroup
J mtDNAs (10 familial cases vs. 7 sporadic cases). An
opposite trend for the distribution of the 11778 muta-
tion is observed for haplogroup U. This haplogroup en-
compasses 22.2% of the control mtDNA samples but
only 3.6% of the 11778-positive mtDNA samples (P
=.0251).

The 14484 primary mutation.—The two 14484-posi-
tive cases (L34 and L35) harbored two different haplo-
types that both belonged to haplogroup J. In family L34,
the proband and four unaffected maternal relatives were
heteroplasmic, whereas the proband from family L35
and his two affected brothers were all homoplasmic for
the 14484 mutation. These findings suggest that the
14484 mutations in the two families are due to indepen-
dent mutational events in haplogroup ] mtDNAs.

Discussion

Secondary/Intermediate LHON Mutations

The analysis of secondary/intermediate LHON muta-
tions in the Italian population shows that the mutations
are in specific monophyletic associations, characterize
specific haplogroups (fig. 1), and commonly are ob-
served in the control Italian population. These findings
are compatible with those expected for low-risk/neutral
polymorphisms (Torroni and Wallace 1994). However,
the different frequency values observed, in patients and
controls, for different secondary/intermediate LHON
mutations indicate that these mutations can be subdi-
vided into three classes.

The first class is represented by the 4917 mutation,
which always is observed in the 4216 + 4917 combina-
tion. This combination shows virtually identical fre-
quencies in patients (8.1%) and in controls (9.1%) and,
together with several restriction-site changes, defines
haplogroup T, one of the European-specific haplogroups
(fig. 1). The 4917 mutation and the 4216 + 4917 combi-
nation are very ancient (table 5), implying transmission
for 1,000-1,500 generations. The ancient origin of
haplogroup T is supported by its wide distribution
among Caucasoid populations, with a frequency of
4.4% in the Druze, 14.0% in the Adygei of southern
Russia, 6.0% in the Basques, 6.1% in the Finns, and
21.6% in the Swedes (Torroni et al.1996b; A. Torroni,
unpublished data). These features are not compatible
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Table 5
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Sequence Divergences and Ages of mtDNA Haplogroups J and T in Italy

Sequence Divergence
Haplogroup No. of No. of Divergence Time*
(Mutation Combination) Haplotypes Subjects (%) (Years)
J (4216 + 13708) 14 20 .102 35,000-46,000
J. (4216 + 13708 + 15257) 7 8 .066 23,000-30,000
J22 (4216 + 13708 + 15257 + 15812) 5 6 .035 12,000-16,000
T (4216 + 4917) 10 12 .064 22,000-29,000

NoOTE.—The 11778, 3460, and 14484 mutations were not included in the calculations of the intrahaplo-

group sequence divergences.

2 Calculated from intrahaplogroup sequence divergences, by use of the mtDNA evolution rate of 2.2%-

2.9%/million years (Torroni et al. 1994d).

with hypotheses suggesting that either the 4917 muta-
tion or the 4216 + 4917 combination might play a role
in LHON expression.

The second class encompasses the 4136 mutation. We
have observed this mutation only in two 11778-positive
patients harboring the same haplogroup T haplotype.
The 4136 mutation was described elsewhere in a sub-
branch of an Australian LHON pedigree, in association
with the 4160 and 14484 mutations, and it was sug-
gested that the 4136 mutation might function as an in-
tragenic suppressor ameliorating the effects of the asso-
ciated LHON mutations (Howell et al. 1991b). The
Australian mtDNA lacked the 4216 and 4917 muta-
tions, which characterize the two Italian LHON fami-
lies, thus indicating that it did not belong to haplogroup
T and that the Australian and Italian 4136 mutations
are due to independent mutational events. To further
assess the frequency of this mutation in human popula-
tions, we also analyzed 200 control subjects belonging
to various Caucasoid groups, in addition to the Italian
controls. None of the controls harbored the 4136 muta-
tion, suggesting that it is rather uncommon. These find-
ings neither support nor dismiss the possibility that the
4136 mutation is an ameliorating mutation, but we find
it to be unusual that this mutation has been found only
in LHON families. This feature suggests that the 4136
mutation has a role in causing LHON, rather than in
protecting from LHON.

The third, and most numerous, class of secondary/
intermediate LHON mutations encompasses the 4216
+ 13708 combination and the 15257 and 15812 muta-
tions. These mutations are all common in controls but
show much higher frequencies in patients (table 2 and
table 3). Phylogenetic analysis confirms that the 4216
+ 13708 combination is ancient (table 5) and monophy-
letic (Brown et al. 1995; Howell et al. 1995), and it
defines haplogroup J, one of the European-specific
haplogroups (Torroni et al. 1994b). The origin of this
haplogroup in an ancient Caucasoid population is sup-
ported by its distribution in modern populations. This

haplogroup also has been observed in the Yemenite Jews
(26.3%), the Druze (6.7%), the Adygei (4.0%), the
Basques (2.0%), the Finns (14.3%), and the Swedes
(2.7%) (Torroni et al. 1996b; A. Torroni, unpublished
data).

Haplotype and phylogenetic analyses confirm that the
intermediate LHON mutation 15257 also is monophy-
letic (Brown et al. 19924), has occurred in an ancestral
haplogroup J mtDNA (fig. 1), and now defines a specific
subset of haplotypes termed “J,” (fig. 2). Even if more
recent than the 4216 + 13708 combination, this muta-
tion still is ancient, having originated 23,000-30,000
years ago (table 5). In addition to the Italian control
population, haplotypes belonging to J, have been de-
scribed among the Druze (4.4%) and the Finns (2.0%)
and have reached a particularly high frequency among
the Yemenite Jews (17.9%) (Torroni et al. 1996b; A.
Torroni, unpublished data). Finally, the 15812 mutation
also is monophyletic and occurred on J, mtDNA, which
already was characterized by the 4216 + 13708 +
15257 combination. This mutation originated 12,000-
16,000 years ago (table 5) and defines a subset of J,,
which we have termed “J,,” (fig. 2). Population screen-
ing in Caucasoid populations suggests that J,, has a
much more limited geographic distribution than J or
J2, since, among all the Caucasoid populations listed
previously, ], , was observed only in continental Italians
and in Sardinians.

The monophyletism, the age, and the high frequency,
in Caucasoid populations, of this third class of muta-
tions all are compatible with the evolutionary features
of low-risk/neutral mutations. However, it remains to
be explained why the secondary/intermediate LHON
mutations that are haplogroup ] specific are more fre-
quent in LHON patients than in controls.

Primary LHON Mutations

Parsimony analysis indicates that the 11778, 3460,
and 14484 mutations have appeared in a large number
of different mtDNA haplotypes. In agreement with the
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Schematic representation of haplogroup J subclusters and their frequencies in Italian LHON cases and controls. Haplogroup J

is divided into the two clusters J; and J,, on the basis of the presence or absence of the 15257 mutation. In turn, the presence or absence of
the 15812 mutation subdivides cluster J, into the two subclusters J,; and J,,. Blackened and unblackened rectangles indicate the presence of

the 11778 and 14484 mutations, respectively.

results of other studies (Brown et al. 1995; Howell et
al. 1995), our data indicate that a large majority of
3460, 11778, and 14484 mutations can be attributed
to independent mutational events. The recent occurrence
of these mutations is supported further by the high inci-
dence of heteroplasmy that characterizes the Italian
LHON families. When we also take into account that
the 11778, 3460, and 14484 mutations have been de-
scribed in Europeans, Africans, and Asians (Wallace et
al. 1988; Newman et al. 1994; Ishikawa et al. 1995;
Torroni et al. 1996a), who harbor a wide range of conti-
nent-specific mtDNA backgrounds, these findings fur-
ther support the primary role played by these mutations
in LHON expression. However, phylogenetic analysis
also reveals a different distribution of the three primary
LHON mutations in the various mtDNA backgrounds.

One extreme is represented by the 3460 mutation,
which appears to be distributed randomly among all
mtDNA haplogroups. This pattern is expected for a mu-
tation that does not require additional mutations for
disease expression and that is eliminated quickly from
the population by selection, together with the mtDNAs
in which it occurred (Torroni and Wallace 1994). This
concept of negative selective pressure for and “quick
elimination” of severe LHON mutations is referred to
a phylogenetic time scale. These times are very different
from those evaluated in the analysis of a few generations
of a pedigree (Ghosh et al. 1996) and even from those
of related pedigrees sharing a common female ancestor
living 12 generations ago (Mackey and Buttery 1992).
For instance, the rate of mtDNA evolution of 2.2%—

2.9%/million years that was used in this study implies
that two identical mtDNAs would require, on average,
hundreds of generations in order to acquire a nucleotide
difference that is detectable with the restriction enzymes
listed in Subjects and Methods. If the haplotype analysis
performed in this study were applied to the maternally
related pedigrees from Australia, described in the study
by Mackey and Buttery (1992), virtually all maternally
related subjects would harbor an identical haplotype.
Therefore, such a long transmission, in terms of pedigree
analysis, would be interpreted as a recent mutational
event in phylogenetic analyses.

A different evolutionary pattern is shown by the pri-
mary mutation 11778 relative to the primary mutation
3460. The 11778 mutation was observed in a wide range
of mtDNA haplogroups but showed an almost sixfold
preferential association for the European-specific haplo-
group J. Such a preferential association between the
11778 mutation and haplogroup ] also is detectable
among the European LHON families from North
America, described by Brown et al. (1995). An even
more extreme pattern is that of the 14484 mutation,
which was observed only in association with haplogroup
J, in the Italian LHON population. Because of the low
frequency of the 14484 mutation in our sample, it was
not possible to evaluate the statistical significance of the
complete association between the 14484 mutation and
haplogroup ]. However, recent reanalysis of mtDNA
backgrounds described a similar association among Eu-
ropeans from North America (Brown et al. 1995; How-
ell et al. 1995; Torroni et al. 1996a). In that population,
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70%-75% of the LHON pedigrees with the 14484 mu-
tation belong to haplogroup J, which represents only
9% of the general European population from North
America (Torroni et al. 1994b), thus indicating that the
incidence of the 14484 mutation in haplogroup J is at
least seven- to eightfold higher than is expected under
the hypothesis of random occurrence.

Why do the primary mutations 11778 and 14484 tend
to cluster on a specific mtDNA background? A priori,
we can envision three possible explanations. First,
haplogroup ] may be more prone to the mutational
events that generate the 11778 and 14484 mutations.
Second, the accumulation of the 14484 and 11778 mu-
tations on haplogroup J may reflect ancient founder
events followed by the expansion in Europe of two
haplogroup J] mtDNAs, one carrying the 11778 muta-
tion and the second carrying the 14484 mutation. Third,
the occurrence of the 11778 and 14484 mutations in
haplogroup ] mtDNAs may make LHON expression
more likely than in other haplogroups.

The first scenario appears unlikely. Analysis of human
mtDNA variation has shown that some specific sequence
mutations can increase the mutation rate in adjacent
mtDNA regions. For instance, the transition T-C at np
16189 in the control region induces instability of the
surrounding cytosines (Horai and Hayasaka 1990). Sim-
ilarly, an increased length of the stretch of cytosines at
nps 568-573 can induce a 270-bp heteroplasmic tan-
dem duplication in the mtDNA control region (Torroni
et al. 1994b). However, analysis of the mtDNA se-
quences surrounding nps 11778 and 14484 does not
reveal particular features of the surrounding nucleotides
that could justify an increased rate of mutation of 11778
and 14484, in haplogroup J. In addition, such a phe-
nomenon perhaps could explain an increased rate of
mutation for one nucleotide but not for two nucleotides
located in different genes. It also could be argued that
the general evolution rate of haplogroup ] mtDNAs is
increased relative to those of other haplogroups and that
all nucleotides, including those at nps 11778 and 14484,
are more prone to mutate. However, such an argument
is not supported by the observed stability of the marker
mutations that define haplogroup ] mtDNA in the cod-
ing region (+10394 Ddel, +4216 Nlalll, —13708
BstOl, —7474 Alul, —15257 Accl, and —15812 Rsal)
and in the control region (16069T, 16126C, and 295T)
(Richards et al. 1996; Torroni et al. 1996b).

The possibility of ancient founder events also is un-
likely, because it would require two founder events both
occurring by chance in haplogroup J. In addition, this
possibility is not supported either by the heterogeneity
of the haplogroup ] haplotypes in which the 11778 and
14484 mutations have been observed, in this study and
in previous studies (Brown et al. 1995; Howell et al.
1995), or by the presence of heteroplasmy, which sug-
gests recent and multiple mutational events.

Am. J. Hum. Genet. 60:1107-1121, 1997

The possibility that the risk of disease expression is
increased when the 11778 and 14484 mutations are
associated with haplogroup J-specific polymorphisms
appears to be, by far, the most plausible. In this scenario,
the 11778 and 14484 mutations would occur randomly
in all mtDNA backgrounds, according to their frequency
in each population, but their occurrence in haplogroup
J mtDNAEs increases the risk of LHON expression. Con-
sequently, by sampling LHON families, we also tend to
select for haplogroup ] mtDNAs. This is compatible
with the heterogeneity of the haplogroup J haplotypes
associated with the two primary mutations—their re-
cent origin being suggested by heteroplasmy—and
would imply that many of the newly occurring 11778
and 14484 mutations that arise in non-haplogroup ]
mtDNAs do not cause LHON and remain undetected
in the general population.

The detection of an mtDNA background that en-
hances the penetrance of primary LHON mutations also
raises the possibility that specific mtDNA backgrounds
may reduce the penetrance of primary mutations. One
of these candidate haplogroups may be haplogroup U,
a haplogroup that is shared between Europeans and Af-
ricans (Torroni et al. 1996b) and the presence of which
is reduced significantly among the Italian LHON pa-
tients with the 11778 mutation. However, additional
data from other populations, concerning the relation-
ship between LHON primary mutations and haplo-
group U, are necessary for full evaluation of the signifi-
cance of this observation.

If haplogroup J plays a role in LHON expression by
increasing the penetrance of the two primary mutations
11778 and 14484, at least one of the numerous haplo-
group J-specific mutations has to be involved in this
phenomenon. To shed some light on this issue, we dis-
sected haplogroup J into four subclusters, according to
the presence or absence of putative LHON secondary/
intermediate mutations (fig. 2). The presence of the
15257 mutation allows the dissection of haplogroup ]
into two clusters, J; and J,. J; lacks the 15257 mutation,
which, on the contrary, defines all J, haplotypes. The
comparison of the frequency ratios of J; and ], in pa-
tients and in controls reveals that the 15257 mutation
does not increase at all the risk of LHON expression.
Actually, whereas the increased risk for J; (characterized
by the 4216 + 13708 combination) is ~8-fold, the in-
creased risk for J, (characterized by the 4216 + 13708
+ 15257 combination) is only 2.7-fold. Moreover, the
subdivision of ], into two subclusters (J,; and J,,), ac-
cording to the presence or absence of the 15812 muta-
tion, reveals that J, ; (characterized by the 4216 + 13708
+ 15257 combination) and J,, (characterized by the
4216 + 13708 + 15257 + 15812 combination) have
an unchanged increased risk (2.7-fold) of disease expres-
sion. Thus, the 15257 and 15812 mutations do not ap-
pear to play any role in increasing the penetrance of the
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primary mutations 11778 and 14484, and their in-
creased frequency in 11778- and 14484-positive patients
relative to controls simply reflects their association with
the 4216 + 13708 combination. This result supports
conclusions reported elsewhere that concern the 15257
mutation (Oostra et al. 1994; Mackey et al. 1996) but
still leaves open the possibility that the 15257 and 15812
mutations may play a role in disease expression in the
limited number of LHON cases lacking the primary mu-
tations 11778, 3460, and 14484. However, our study
shows that the 15257 and 15812 mutations are much
more common in control populations than was reported
in previous studies (Brown et al. 1992a). Thus, it also
is possible that the LHON cases (Brown et al. 19924;
Howell et al. 1993b; Johns et al. 1993b) in which the
15257 mutation has been observed in the absence of
known primary mutations simply reflect the high fre-
quency of this mutation in some Caucasoid populations
and that these few cases of LHON are due to some still
unknown primary mutations rather than to the 15257
mutation.

The dissection of haplogroup J suggests that the best
candidate for increasing the penetrance of primary
LHON mutations is the ancient combination 4216
+ 13708. Both mutations involve amino acid changes
in ND subunits (ND1 and NDS5) and could affect the
structure, stability, and activity of complex I in the pres-
ence of the nucleotide changes caused by the 11778
(ND4) and 14484 (ND6) mutations. However, other
ancient missense mutations in the ND genes of haplo-
group ] also should be reconsidered, including the A~G
transition at np 10398 in ND3, which had been dis-
missed in a previous study (Brown et al. 19924) because
of its presence in numerous haplogroups and its high
frequency in human populations. Indeed, it is possible
that the increased penetrance of primary LHON muta-
tions in haplogroup ] is due to the particular combina-
tion of multiple amino acid changes in its ND genes
rather than to a single amino acid change.
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The results of this study point to the following conclu-
sions. First, the preferential association between the pri-
mary mutations 11778 and 14484 and haplogroup J,
one of the European-specific haplogroups, most likely
is due to an effect of this mtDNA background in increas-
ing the penetrance of the two primary mutations. Sec-
ond, the putative secondary/intermediate LHON muta-
tions 4216, 4917, 13708, 15257, and 15812 are all very
common European-specific polymorphisms. Among
these mutations, only the 4216 + 13708 combination
appears to play a role in LHON expression, being the
most likely cause of the increased penetrance of the pri-
mary mutations 11778 and 14484 when these occur
in haplogroup ] mtDNAs. Third, the observation that
haplogroup J mtDNAs are more prone to LHON ex-
pression suggests that LHON could be more common
in Europeans than in Africans and Asians and should
reach the highest incidence among European popula-
tions with the highest frequency of haplogroup J.
Fourth, a differential risk of LHON expression, de-
pending on the mtDNA background in which primary
mutations have occurred, also could affect some clinical
and biochemical parameters. Until now these parame-
ters usually have been evaluated and compared on the
basis of the primary mutation, without the mtDNA
background being taken into account. A determination
of the effect of mtDNA background on these parameters
could be important for our general understanding of the
molecular mechanisms of LHON.
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Appendix

Table A1

Haplotypes and Polymorphic Sites Observed in the mtDNA of Italian LHON Patients and Controls
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(continued)
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Table A1 (continued)

HAPLOTYPES
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114211 11111111111111111111111111111111111 1011111111111 1111111111111 1111111111111 1111111111111 111111111111
11439j 00000000000000000010000000000000000000000000000000000000000000000000000000000000000000000000000000000
11775s 00000000000000000000000000000000000000000000000000000000000000001100111111111000110111111111111110001
120260/12026h 00000000000000000000000000000000000000001000000000000000000000000000000000000000000000000000000000000
12308g 00000000000000000000111111111111111110000000000000001111000000000000000000001100000011100000000000010
12629 111111111111111110111111111111111111111111112111111111111111111111111111111101111111111111111111111111
12810k 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000100000000000000
12898g 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000001000000
12925j 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000100000
13031g 111111111111111111111111111111111111111111111101111 1111111111111 11111111111 1111111111111t 111111111
13103g 111111111111111111111111111111111101 11111111111 1111111111111 1111111111111 11111111111 1111111111111
13103g/13104j 00000000000000000000000000000000010010000000000000000000000000000000000000000100000000000000000000000
13366m/13367b/13367j 00000000000011111111000000000000000000000000000000000000000000000000000001110000000000000000000000000
136351 00000000000000000000000000000001000000000000000000000000000000000000000000000000000000000000000000000
13702e 00000000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
13704t 11111111111111111110111111111111111111111111111111111111000000111111111111111111110111100000000000010
13730g 00000000000000000000000000000000000100000000000000000000000000000000000000000000000000000000000000000
13803e 00000000000000000000000000000000000000000000000000000000000000010000000000000000000000000000000000000
14015a 111111111111111111111111111111111111111111111111111111111211111111111111111111111111111111111011111111
140681 00000000000000000000000000000000011010000000000000000000000000000000000000000100000000000000000000000
14139j 00000000000000000000000010010000000000000000000000000000000000000000000000000000000000000000000000000
141990° 1111111111111111111111111111111111111211111111111111111111111111111111111111111111112111111111111111111
14258m 1t1111111111111111111111111111121111111011111111111111111111111111111110111 1111111 11111111111111111111
14268g" 1111111111111 11111111111111111111111111 111111111111 1111111111ttt a1 1111111111111
14276t/14279¢ 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000010000000000
14368g" 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
14465u 00000000000000000000000000000000000000000000000100000000000000000000000000000000001000000000000000000
14484t 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000001100
14724k 00000000000000000000000000100000000000000000000000000000000000000000000000000000000000000000000000000
15254u 1111111111111011111111111111111111121111211111111111111111111000111111111111111111111111111111000011111
15606a 00000000000011111111000000000000000000000000000000000000000000000000000001110000000000000000000000000
15614n/15615¢ 00000000010000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
15812k 11111111111111111111111111111111111111111111111111111111111100111111111111111111111111111111100011111
15872k 00000000000000000000000000000000000100000000000000000000000000000000000000000000000000000000000000000
15925i 11111111111100000000111111111111111111111111111111111111111111111111111110001111110111111111111111111
16049k 111111111111111111111111111111011211111111111111111111111111111111111101111111111111111111111111111111
16065g 11111111111111111111111111111111111111111111111111110111000000111111111111111111111111100000000000010
161431 00000000000000000000000000000000000000000000000000000000000001000000000000000000000000000000000000000
16145j 00000000000000000000001000000000000000000000000000000000001000000000000000000000000000000001000000000
16170j 00000000000000000000000000000000000000000000000000000000000000000000000000000000000100000000000000000
16208k 111111111111111111111111111121111111111111111111111111111111111111111111111101111111111111111111111111
16254a 00000001000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
16303k 1111111111111101011011111111111111111111211111111121111111111111111111111111101111111110111111111111111
16310k 11111111111111111111111111111111111111111111111111111111111111111111111111111111111110111111111111111
16389m/16390b/16390j 0000000000000000000000000000000000000000000000001 1110000000000000000000000000000000000000000000000000
16389g/16390b 00000000000000000000000000000000000000000000000000000000000000010000000000000000000100000000000000100
16398e¢ 00000000000000000000000001100000000000000000000000000001000000000000000000001000000000000000000000000
16517¢ 10101111110111111111000101001010000101100010011111111111100001011111111111110010011111101010110100001
12S rRNA insertion 00000000000000000000000000000000000000000000000000000000000000000000100000000000000000000000000000000
9-bp deletion 00000000000000000000000000000000000000000000000001000000000000000000000000000000000000000000000000000
9-bp triplication 00000000000000000000000000000100100000000000000000000000000000000000000000000000000000000000000000000

NOTE.—One hundred seven polymorphic sites, the 9-bp COI/tRNA'" intergenic deletion, the 9-bp triplication in the same region, and the 12S rRNA gene
insertion of five cytosines in the region between nps 956 and 965 define the mtDNAs observed in 37 Italian LHON patients (L1-L37) and the 64 mtDNA haplotypes
(1-64) observed in 99 Italian controls (51 continental Italians and 48 Sardinians). A “1” indicates the presence of a site and a “0” indicates the absence of a site,
except for the 128 rRNA gene insertion, the 9-bp COI/tRNA'"* deletion, and the 9-bp COI/tRNA"* triplication, in which a “1” indicates the presence of the
insertion, the deletion, or the triplication, respectively.

* Numbered from the first nucleotide of the recognition sequence, according to the published sequence (Anderson et al. 1981). The restriction enzymes used in
the analysis are designated by the following single-letter codes: a = Alul; b = Avall; ¢ = Ddel; e = Haelll; f = Hhal; g = Hinfl; h = Hpal; i = Hpall; j = Mbol;
k = Rsal; | = Taql; m = BamHI; n = Haell; o = Hincll; p = BsaHI; q = Nlalll; r = Bfal; s = Maelll; t = BstOl; and u = Accl. Sites separated by a slash (/)
indicate either simultaneous site gains or site losses for two different enzymes or a site gain for one enzyme and a site loss for another because of a single inferred
nucleotide substitution; these sites are considered to be only one restriction-site polymorphism in the parsimony analysis. Underlined sites indicate mutations that
have been associated with LHON.

® Found to be present or absent in all samples, contrary to the published sequence (Anderson et al. 1981).
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